Introduction 56 57
Mycoplasmas, which are genomically reduced, cell wall-lacking bacteria that 58 live parasitically or commensally in nature but can be cultured axenically, occupy a 59 unique space within the field of bacterial cell polarization that makes them 60 potentially informative concerning mechanisms by which polarization is achieved as 61 well as the evolutionary origins of these mechanisms. Some mycoplasmas have a 62 differentiated, prosthecal tip structure known as an attachment organelle (AO) at 63 one pole (reviewed in 1). The AO houses adhesin proteins for interaction with host 64 cells and surfaces, as well as machinery that carries out unidirectional gliding5 of M. pneumoniae or M. mobile (4, 13, 14) . Special difficulty in working with this 90 organism stems from its genetic intractability, leaving biochemical and cell 91 biological routes as the best options for its study. 92
The ability to establish cellular polarization and to localize specific 93 biomolecules to non-uniformly distributed subcellular positions is critical for many University of Cincinnati Proteomics Laboratory as previously described (26) . 162
MultiCoil (27) was used to test predicted amino acid sequences for the presence of 163 coiled coil domains; the presence of regions with >50% probability of forming 164 alpha-helical coiled coils was recorded as positive. 165
166

Scanning electron microscopy (SEM) 167
Cells were prepared for scanning electron microscopy as previously 168 GmbH) in SP-4 broth at 37˚C until mid-log growth, indicated by a color change in the 184 media from red to orange. The EM grids with attached M. penetrans cells were 185 removed from the media, loaded onto tweezers, and washed with fresh media. 186
Colloidal gold (10 nM) was added to the grids and they were blotted (Whatman, 187 grade 40) prior to being plunge-frozen in liquid ethane on a gravity plunger freezer. 188
Grids were loaded into a 300 kV FEI Polara G2 electro cryo-transmission electron 189 microscope equipped with a field emission gun, a lens-coupled 4k x 4k Gatan 190
UltraCam, and a Gatan energy filter (GIF). Samples were maintained in liquid 191 nitrogen temperature as tilt series were captured of whole cells. The tilt-series was 192 recorded from -60° to +60° with 1° increments at a 10-µm defocus using Leginon 193 (29). All tilt series were collected through GIF around zero-loss energy with a slit-194 width of 20 keV for a cumulative dose of 180 e -/Å 2 used for each tilt series. 195
196
Measurements and analysis 197
To measure the lengths of nucleoid-free zones, M. penetrans cells were grown 198 overnight on cover slips, fixed as previously described (7), and mounted on slides 199
with Vectashield containing DAPI (Vector Laboratories). Fields were imaged using a 200 100X objective as previously described (7). Phase-contrast and DAPI fluorescence 201 images were overlaid and the lengths of 84 polar nucleoid-free zones were 202 measured using SPOT software. To measure the lengths of TXI and TWI objects, SEM 203 images of the objects from multiple fields, captured as described above, were 204 on April 10, 2017 by CALIFORNIA INSTITUTE OF TECHNOLOGY http://jb.asm.org/ Downloaded from measured along their long axes. Objects that appeared to be clusters of individual 205 objects were excluded. For TXI objects, 70 were measured, and for TWI objects, 79 206 were measured. Statistical comparison of lengths was done by one-way ANOVA 207 after using a Shannon-Wilk test to establish that the distributions of lengths were 208 not normal. Statistical comparison of the lengths of the cell and the nucleoid-free 209 zones was performed using least squares regression analysis. 210
211
RNA extraction 212
RNA was harvested as previously described (30). M. penetrans cells were 213
harvested by centrifugation at 17,400 x g for 20 min, followed by three washes in 214 PBS. The cell pellet was resuspended in 1 mL of TRI reagent solution (Ambion). 215
Total RNA was then purified using the Direct-zol RNA MiniPrep kit (Zymo Research) 216 according to the manufacturer's instructions. Remaining DNA was removed from 217 the sample by treating with DNase I twice using the DNA-free kit (Applied 218 Biosystems) according to the manufacturer's instructions. Quantitative PCR was 219 performed to ensure the RNA was free of DNA. The quality of the RNA was then 220 examined using the Agilent 2100 Bioanalyzer (Agilent Technologies). The RT reaction was carried out as previously described for Mycoplasma 256 iowae (32) . Briefly, cDNA synthesis was performed with 100 ng of total RNA from M. 
275
Internal structure of the M. penetrans AO 276
As previously described, M.penetrans cells are elongated (Fig. 1B) , with a 277 polar tip structure that functions as an AO. The AO confers attachment and gliding 278 motility, which contributes to cell division; dividing cells often take the form of two 279 cell bodies linked by a membranous connecting filament ( Fig. 1A; 7) . M. penetrans 280 cells attach to host cells by means of a pole, whose interior is distinctly 281 differentiated from the cytoplasm of the rest of the cell despite being adjacent to it, 282 as previously established by transmission electron microscopy (TEM) (5, 6). 283
Treatment of M. penetrans cells attached to plastic with the nonionic detergent 284
Triton X-100 results in solubilization of a large amount of cellular material, leaving 285 behind discrete detergent-insoluble objects with a range of dimensions as visualized 286 by SEM ( Fig. 1C; 7) . Unlike the AO structures obtained similarly from species of the 287 M. pneumoniae cluster (33), treatment with DNase had no effect on the appearance 288 of these objects (not shown), indicating that they did not contain significant 289 amounts of DNA. 290
Close examination of these TXI structures revealed that despite considerable 291 heterogeneity in size and shape, they generally consisted of a wider, irregular, ball-292 like object, from which emanated one or more rod-like filaments which were often 293 periodically punctuated with other material along the filaments. The structures had 294 an average length of 320 ± 100 nm ( Fig. 2A; n=70 ). This range of lengths was 295 significantly ~15% smaller than that of the polar nucleoid-free zones of M. images and images of the DNA stained by DAPI ( Fig. 2G; 7) . The mean length of the 298 nucleoid-free zones was 380 ± 140 nm. In cells with single nucleoid-free zones, 299
there was a positive correlation between the lengths of the cell and the nucleoid-300 free zone ( Fig. 2D; n=52 ; p<0.0001), suggesting that growth of this structure is 301 coupled to cell growth. In cells with two such zones at each pole, the length of the 302 smaller one was correlated with cell length ( Fig. 2E ; n=16; p=0.04), whereas that of 303 the larger one was not ( Fig. 2F ; n=16; p=0.52), consistent with the larger one being a 304 pre-existing structure whose net growth has slowed or stopped. 305
To determine whether another nonionic detergent might yield similar 306 structures, we used SEM to examine the structures that remained following 307 extraction of cells grown under identical conditions with the chemically distinct 308
Tween-20 (Fig. 1D ). These objects were generally similar to those obtained using 309
Triton X-100, although they were larger and had a generally smoother appearance. 310
Indeed, their mean length of 380 ± 130 nm was identical to that of the nucleoid-free 311 zones ( Fig. 2C ; n=79; p>0.8). The variability in sizes and shapes of the detergent-312 insoluble objects was recapitulated by ECT images, which showed ribosome-313 containing zones in the central area of the cell that were distinct from ribosome-free 314 zones at both cell poles. These ribosome-free zones had irregular shapes and 315 boundaries (Fig. 3A, B) , often extending into the filament connecting cells 316 undergoing division ( Fig. 3C; 7) . Given the similarities in size distribution, previous 317 TEM images of similar material at M. penetrans poles (5, 6, 34), and the limited 318 amount of space in an M. penetrans cell for large objects, we conclude that the polar 319 on April 10, 2017 by CALIFORNIA INSTITUTE OF TECHNOLOGY http://jb.asm.org/ Downloaded from nucleoid-free zones visualized by DAPI staining, the polar ribosome-free zones 320 visualized by ECT, and the DNA-lacking, detergent-insoluble objects visualized by 321 SEM are the same objects, with Triton X-100 solubilizing some component that 322
Tween-20 does not. Interestingly, whereas the poles of whole M. penetrans cells as 323 visualized by SEM (Fig. 1B) or by light microscopy (Fig. 2G) were distinctly 324 narrower than the cell bodies, in cells imaged by ECT there was no abrupt 325 narrowing at the poles, with cells exhibiting a more ovoid shape (Fig. 3) . 326 327
Identification and characterization of detergent-insoluble proteins 328
M. penetrans lacks homologs of the AO cytoskeletal proteins of other 329 mycoplasmas (14). To determine what proteins make up the TXI and TWI material, 330
we examined the protein profiles of whole-cell lysates, TXI proteins, and TWI 331 proteins using SDS-PAGE. The detergent-insoluble material was generated by 332 extracting attached M. penetrans cells in flasks and scraping the material that 333 remained attached to the flasks, ensuring that it was identical to the material that 334 was visualized by SEM, which consisted almost entirely of structures similar in 335 shape but heterogeneous in size, as described above (Fig. 1C, 1D ). Several proteins 336 were prominent in the TXI and TWI fractions, and some were enriched compared to 337 the whole-cell lysate (Fig. 4) . Consistent with the similar appearances of the 338 structures, the profile of TWI proteins was similar to that of the TXI ones, with the 339 principal exception of one prominent TWI band migrating at ~40 kDa that was 340 absent in the TXI fraction (Fig. 4) . In general, the profiles featured mostly the same 341 We selected eight bands from SDS-polyacrylamide gels that appeared 343 enriched in both detergent-insoluble fractions compared to whole cell lysate, as well 344 as the one band that was present in the TWI fraction but not the TXI fraction, for 345 identification using MALDI-TOF (Fig. 4) . The twelve proteins that were identified 346 were associated with a variety of functional characteristics, including four with well-347 established biochemical roles, three putative lipoproteins, and five of unknown 348 function ( Table 2) all of the junctions between MYPE1520-1570, but no products for the MYPE1510-391 1520 junction (Fig. 5A) . Amplification of the junction between MYPE1570 and 392 MYPE1580 sometimes yielded a faint, poorly reproducible product, suggestive of 393 partial read-through (not shown). These results suggest that MYPE1520-1570 394 constitute an operon (Fig. 5B) . In addition to the heterogeneity in size, the pleomorphy of the detergent-485 insoluble objects is striking. We noted that whereas our SEM images of whole M. The remaining five proteins that were identified in this study had no 535 predicted function or conserved domains, making them ideal candidates for 536 principal structural elements of the AO. The genes encoding four of these proteins 537 are located very close together in the genome of M. penetrans and were found to be 538 transcribed as a polycistronic message with two other genes. Three of these, 539 MYPE1550, 1560, and 1570, are among the most abundant proteins in the 540 detergent-insoluble fractions. All six of these proteins, as well as MYPE4000, share 541 an unusual set of characteristics: predicted alpha-helical coiled-coil regions, 542 molecular weights greater than 90 kDa, and pIs of approximately 4.5 (Table 3) . 543
Interestingly, these characteristics are shared with many of the M. pneumoniae AO 544 cytoskeletal proteins (Table 3) probably regions of the same proteins that make up the core itself. Indeed, the 586 failure to identify any non-core-associated proteins in the M. pneumoniae AO (66) 587 supports this model. In contrast to M. pneumoniae, the M. penetrans AO consists 588 solely of material whose lack of obvious organization is more reminiscent of the 589 lucent area of M. pneumoniae than to the core. Because both AOs, one with a core 590 and one without, function in adherence and motility, it is possible that in M. 591 pneumoniae, the core itself is dispensable for these functions, as previously 592 suggested (33, 67), although this assertion is in opposition to some models (45, 66) . 593 We therefore propose that the less organized material, constituting the ribosome-594 27 is the principal organizer of the AO, driving concentration and organization of 596 adhesins at the AO in both species, leaving motility to be carried out directly by 597 adhesins with motor properties, as described for the more distantly related M. 598 mobile (47). 599
Regarding M. pneumoniae, if it is the lucent material that organizes the AO, 600 then the core may be dispensable for adherence and motility. 
